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Abstract: Tesbihdere is one of a number of spatially close epithermal Cu-Pb-Zn-Ag-Au deposits hosted by andesites and
rhyolites, typical of deposits in the Biga peninsula. Microthermometry of fluid inclusions shows a wide range
of temperatures, ∼360–170◦C, and salinities, ∼10–0.5 wt.% NaCl, in the different deposits studied. Dilution
of a moderately saline magmatic? fluid with meteoric water occurred at constant temperature indicating, the
temperature of both fluids was controlled by the geological environment. Boiling was not a major factor, but did
occur in very minor amounts. The large range of temperatures within individual samples can only reasonably
be explained by variations from near lithostatic to hydrostatic pressure during vein and fracture opening. That
this pressure decrease did not produce extensive boiling suggests that vein opening was gradual rather than
aggressive, allowing the pressure and temperature decrease to follow a path close to the L-V boiling curve. P-T
reconstruction places emplacement of these ore veins at between 300–500 m beneath the surface. Similarities
of LA-ICPMS of fluid inclusions from Tesbihdere, Azitepe and Basmakci, supports the conclusion that they were
part of the same contemporaneous mineralizing system. The fluids are dominated by Na, with the concentrations
of K>Ca>Mg combined equivalent to the concentration of Na. The range of K/Na ratios is not consistent with the
fluid inclusion temperatures as the calculated temperatures are significantly higher indicating the fluids were not
close to equilibrium with the enclosing rocks. Elevated K concentrations are consistent with acid-sulphate waters
in shallow epithermal systems. Ore metals Cu, Zn and Pb are present in significant concentrations ∼500, 300
and 200 ppm respectively and the low Fe/Mn ratios are indicative of a relatively oxidising fluid. The negative δ34S
values of sulphides are consistent with boiling and oxidising redox conditions.
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1. Introduction
The Biga Peninsula, in northwest Turkey, is the locationfor a wide variety of different types of mineralization
such as Au-Ag deposits, porphyry Au-Cu-Mo, Fe-skarnsand epithermal Pb-Zn-Cu-Au, and since the 18th centuryhas attracted an increasing interest as a highly potentialarea for exploration and mining. Mining activities in the
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peninsula goes back to 3000 B.C. and covers the earlierera of the Bronze Age. Today it is still possible to see theremains of many mining activities in most locations.The most important deposits in the peninsula arerelated to the ”Tethyan Eurasian Orogenic Belt” [1] or”Tethyan Eurasian Metallogenic Belt” [2], extending fromwestern Europe through Anatolia to Iran (Figure 1(a)),where it joins the Pacific Metallogenic belts to theeast [3]. The Tethyan Eurasian Metallogenic Beltis currently one of the world’s major metal producingbelts [2]. There are diverse styles of mineralizationpresent in the peninsula, but currently the mostimportant are the epithermal Au-Ag and epithermal Pb-Zn-Cu-Au deposits such as Koru-Tesbihdere, Sahinli,Balcilar, Kumarlar, Balya, Bagirkacdere, Arapucandere,Kartaldag-Madendag, which are located from Lapseki toEdremit in the Biga Peninsula (Figure 1(b)). Almostall the deposits are found in the Tertiary calc-alkaline(i.e.andesite, dacite, rhyodacite and rhyolite) and alkaline(olivine basalts) volcanic and volcano-clastic rocks.Previous studies have been carried out on these depositsand different models for the origin of mineralization havebeen proposed by various authors (e.g., [2, 4–11, 13–16]). However, in general there has been a lack ofunderstanding of the fluids and the processes that wereimportant for metal transport and deposition.The Tesbihdere Pb-Zn-Cu-Au deposit is located tothe northeast of the town of Çanakkale in the BigaPeninsula. Mineralization is in a sequence of UpperOligocene to Middle Miocene volcanics, pyroclasticsof trachytic, trachyandesitic, dacitic, rhyolitic andrhyodacitic composition, and has been mined by OkyanusMinerals since 2007. The Tesbihdere deposit is atypical example of the volcanic-volcanoclastic hosted-deposits, which have been previously studied in termsof mineralogical, textural, fluid inclusion and geochemicalcharacteristics in the nearby area (e.g., [6–8]). The depositis one of a number of spatially close mineralized locationssuch as Basmacki, Azitepe, Sarioluk and Tesbihdereand was called the Sahinli, deposit which shares manyfeatures, not only within this area, but with similar stylesof mineralization in the Biga Peninsula and westernTurkey. The study by [15] concentrated on the othersectors of the Sahinli deposit but looked briefly at onesample from Tesbihdere. Their general conclusions relatedto the fluids was that there were two pulses of fluids atdifferent temperatures related to different type of ores andthat fluid mixing of low to moderate salinity meteoric andmagmatic waters had occurred.The aim of this study is to extend the microthermometrystudy of fluid inclusions from the closely related depositsof Tesbihdere, Basmacki and Azitepe and compare
these to the previous study of the Sahinli deposit.However, we intend to provide a better understandingof the mineralizing fluids by determining in detail theircomposition, especially their ore metal concentrations, byusing methods such as crush-leach and Laser AblationICP-MS (LA-ICP-MS) of individual fluid inclusions. Thiswill allow us to more fully constrain the importance of thedifferent fluids (meteoric, magmatic or mixtures) by directanalysis of fluids, instead of the limited composition thatcan be inferred from measured phase changes.
2. Regional Geology
The Biga Peninsula, which is part of the TethyanEurasian Metallogenic Belt, represents the westernmostextension of the Sakarya Zone of the Pontides at theintersection of Gondwana (African and Arabian plates)and Laurasia (Eurasian plate) (Figure 1(a)). The areahas a complicated geologic and tectonic history dueto the collision of the different continental fragmentsand their amalgamation due to the convergence betweenthe Anatolide-Tauride platform (Gondwana) and thePontides (Laurasia). The Peninsula can be tectonicallysubdivided into three zones going from the northwestto southeast. These are the Ezine zone (Permianmeta-sedimentary and Permo-Triassic ophiolitic rocks),the Ayvacık-Karabiga zone (eclogite-bearing ophioliticmélange and Late Triassic limestone blocks) and theSakarya zone (Permian metamorphic rocks of the Kazdag˘Group and Permo-Triassic sedimentary and magmaticrocks of the Karakaya Complex) (Figure 1(b); [17,18]). Cenozoic volcanic and plutonic rocks, coverextensive areas and dominate the geology of the BigaPeninsula [19–21]. The Late Cretaceous-Tertiary periodhas been divided into four different sub-periods [17, 22,23]: (1) the Late Cretaceous-Early Eocene (turbiditicsandstones and limestones), (2) Middle Eocene-Oligocene(andesitic lavas and tuffs, granite, granodiorite andlimestones), (3) Miocene (granodiorite, rhyolitic andrhyodacitic pyroclastics and andesitic and dacitic lavas,and turbiditic clastics) and (4) Plio-Quaternary (fluvialsediments and lacustrine carbonates). Regional upliftoccurred at the end of the Middle Oligocene, resulting inextensive erosion of the Eocene-Oligocene sequence [18].This major uplift and erosional phase was followed byextensive Late Oligocene to Middle Miocene calc-alkalinemagmatism. Granodioritic plutons and andesitic-daciticvolcanic rocks developed during the Eocene continuingwith Oligocene granites, granodiorites, syenites andearly Miocene rhyolites, dacites and calc-alkalineandesites [24–27]. In the Thrace basin and the Biga
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Figure 1. (a) Location of the study area within Turkey in relation to the boundaries of the major tectonic plates and Tethyan Eurasian Orogenic
Metallogenic Belt (simplified after [55]). BA = Balcilar deposit, KU = Kumarlar deposit, AUD = Arapucandere deposit. (b) Simplified
geological map of the Biga Peninsula.(KR-TD) Koru-Tesbihdere deposits.
Peninsula, Na-alkali basalts were emplaced during thelate Miocene [28]. The sedimentary, volcano-sedimentary,volcanic and associated plutonic rocks in the BigaPeninsula are all related to the transition from acollisional to an extensional tectonic regime during theCenozoic [19, 21, 26].
3. Local Geology
In the area of mineralization the lithological unitsare Eocene-Quaternary volcanic and sedimentary rocks(Figure 2). The lowermost unit is the Eocene Akçaalan
andesite, which includes andesite, basaltic andesite,partly rhyodacite and dacite, containing pyroclasticand limestone intercalations in the upper part of thesuccession. Andesitic lavas have a predominantlyhypohyaline and hypocrystalline porphyritic texture,with rare amygdales that include plagioclase andopasitic biotite and hornblende phenocrysts, withinthe volcanic glass, and a plagioclase microlite-bearingmatrix (Figure 3(a),(b)). The volcanics have beencompletely argillized and sericitized in most of samplesassociated with mineralization, due to interaction with thehydrothermal fluids, and silica and chlorite can be foundwithin the pore spaces. Within the limestone interlayers a
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fossil assemblage of gastropod shells and algae (Gypsinasp., Assilina sp., Rotalidae,) are present and confirm theMiddle Eocene age [29]. This unit is unconformablyoverlain by Upper Oligocene-Lower Miocene Adadag˘ıpyroclastics containing agglomerates, lapilli stone andash tuffs with lava interlayers. Pyroclastic rocks containagglomerates and tuffs of trachytic, trachyandesitic,dacitic, rhyolitic and rhyodacitic composition andandesitic and dacitic lavas. Vitroclastic porphyriticpyroclastic rocks contain volcanic glass and pumice,volcanogenic plagioclase, sanidine, quartz, biotite andvolcanic rock fragments (Figure 3(c)–(f)). Pyroclasticrocks are classified as vitric/glassy, crystal and lithic ashtuffs, according to the Schmid [30] classification.Argillization/sericitization, silicification and chloritizationhave replaced the volcanic glass, pumice and feldsparcrystals (Figure 3(a)–(f)), around the zones ofmineralization. The Miocene Dededag˘ı dacite consistsof dacitic and rare rhyodacitic lavas with a hypo-hyalineporphyritic texture. The matrix is heavily silicified andargillized, with widespread phenocrysts of plagioclase,hornblende, biotite, sanidine and quartz. Finally thePlio-Quaternary Karaömerler basalt cuts the Adadagpyroclastics and discordantly covers the older units. Itconsists of basaltic lavas with a hypo-hyaline porphyritictexture. Plagioclase and pyroxene (augite and aegirine-augite) phenocrysts are frequently present in the lavas.
4. Mineralization & ore petrography
The Cu-Pb-Zn-Ag-Au mineralization in this area isprimarily found in five discrete localities: going fromnorth to south these are the Azitepe, Sarikayalar,Sarioluk, Basmakci and Tesbihdere sectors (Figure 2).In the Tesbihdere sector, the host rocks are andesiticlavas, whereas in the Azıtepe, Sarıkayalar Basmakci andSarıoluk sectors the host rocks are rhyolitic, dacitic andtrachyandesitic pyroclastic rocks with rhyolitic and daciticlava intercalations (Figure 2).Based on the field and petrographic observations, twostyles of mineralization predominate in the andesitic lavas:vein-type and stockwork-type. (Figure 4(a),(b)). Allmineralization in the investigated area exhibits fault-controlled features: a brecciated matrix consisting ofveins and vein fragments of medium to coarse-grainedquartz. The ore veins are predominantly in WNW-ESEstriking fault zones where the volcanic rocks have beenextensively altered by the passage of hydrothermal fluids(Figure 4(c)–(f)) with extensive and widespread argillicalteration along with sericitization and silicificationindicated by the presence of quartz, kaolinite, illite,
mixed-layered illite-smectites and alunite [31]. In thelarger quartz veins, several generations of quartz someof which are mineralized and some barren are observed.In our study we used quartz which was associated withsulphide mineralization and not barren quartz. The maingangue minerals are quartz, calcite and baryte. In theTesbihdere sector, ore deposition is seen filling the cracksand open spaces within the altered pyroclastic host-rocks(Figure 5(a),(b)). The petrographic relation between theore and quartz, and other gangue minerals, indicates theywere deposited contemporaneously, but just after an earlygeneration of quartz (I) and calcite (Figure 5(c),(d)) In theAzıtepe sector, prismatic baryte crystals are also found asa gangue mineral in addition to quartz (I). Baryte-bearinggangue mineral occurrences are widespread in the nearbyKoru and Balcılar deposits [6, 7]. Two different types ofcalcite are found in vein samples from Basmakci: (1) darkcoloured with a high relief and (2) light coloured with alower relief, the colour being related to the different Feconcentration. Euhedral quartz crystals, associated withsulphide deposition, were formed later than calcite andare believed to correspond to the second generation ofquartz at the other locations.The sulphide veins consist of primary chalcopyrite, galena,pyrite (Figure 5(e),(f )) and sphalerite with lesser amountsof tetrahedrite, chalcocite, covellite, goethite, digenite andcerrusite, which are mainly secondary. The parageneticrelationship between key hydrothermal stages is shownin Table 1. Pyrite is the earliest formed primary phaseand the most common mineral occurring as euhedralcubes and subhedral crystals of variable size. Earlypyrite is frequently observed to have been fractured anddeformed by later phases. Chalcopyrite is the second-most common mineral, occurring as anhedral crystals inassociation with galena and pyrite. Tetrahedrite andtennantite are present within fractures in chalcopyrite.Goethite is widespread typically replacing chalcopyrite(Figure 5(h)). Chalcocite and covellite are presentalong grain boundaries and fractures in chalcopyriteand considered to be of secondary origin (Figure 5(g)).Chalcopyrite is often associated with sphalerite and alsooccurs within sphalerite as chalcopyrite disease. Galenaoccurs with both chalcopyrite and sphalerite, and wheresupergene alteration has occurred is replaced by cerussiteand anglesite.
5. Analytical Methods
5.1. Microthermometry
Microthermometry of the fluid inclusions was carried outusing a Linkam THMS 600 heating-cooling stage. The
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Figure 2. Geological setting of the mineralization at Tesbihdere, Basmakci and Azitepe.
temperature of phase changes for eutectic melting (Te), icemelting (Tmice ) and homogenization of the vapour phase(Th) were recorded. Phase transitions below 0◦C areaccurate to within ±0.2◦C based on calibration with pureCO2 and H2O standards, with a similar level of precision.Above 0◦C accuracy was ±3◦C based on the meltingpoint of pure solids and precision was ±1◦C. The ice-melting temperatures were converted to salinities usingthe equation of [32] and assuming the fluid composition isrepresented by the H2O–NaCl system.
5.2. LA-ICP-MS
Laser-ablation inductively-coupled mass-spectrometry(LA-ICP-MS) using an Agilent 7500c mass spectrometer,combined with a Geolas ablation system was used todetermine the composition of individual fluid inclusions orsmall groups of related inclusions. The Geolas ablationsystem uses a Compex 103 ArF excimer laser at awavelength of 193 nm, delivering an energy density ofbetween 10–15 J cm−2 on the sample surface at a pulsefrequency of typically 5Hz with spot sizes of 25 µm oroccasionally 50 µm. The spot size was determined by the
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Figure 3. Photomicrographs of representative lithologies form the Tesbihdere deposit. (those on the left are in crossed polars, those on the right
are in plane polarised light). (a,b) Plagioclase phenocrysts and opasitised amphiboles and biotite in a argillized volcanic matrix of altered
andesite. (c,d) Silicified volcanic glass with a pumice like texture in a vitric or glassy ash tuff, (e,f) Volcanic rock fragments (VRF) within
the altered matrix of a lithic ash tuff (Sarioluk).
size of the inclusions or groups of small inclusions. Theablated material was transported from the ablation cell toan Agilent 7500c ICP-MS using 99.9999% He flowing at2 ml min−1 into a cyclone mixer where it was combinedwith the Ar carrier gas flowing at 1.02 ml min−1. Thefunction of the mixer is to prolong the signal from theablated inclusions and improve precision by increasingthe number of cycles through the mass range selected andtherefore the number of determinations of the elementalratios relative to Na. The instrument was operated inreaction cell mode using 2.5 ml min−1 99.9999% H2 toremove interferences from 40Ar on 40Ca and from 56ArOon 56Fe. Calibration of the element/Na intensity ratios to
weight/weight ratios was achieved using the NIST glassstandard SRM-610 and the soda lime standard SRM-1412 (for K/Na ratios that were close to 1). SRM-610was used to check for instrumental drift, which was foundto be insignificant over each day’s analysis. Integrationof the standard and sample signals was achieved with theSILLS software package [33]. Full details of the analyticalprotocols and calibration of the instrument are presentedin [34].
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Figure 4. Field observations of host-rock and ore bodies (a) Vein-type chalcopyrite-rich ore and quartz-rich gangue within the altered pyroclastic
rocks (Tesbihdere sector, gallery), (b) Andesite-hosted ore containing galena, calcite and quartz and limonite (Basmakci sector), (c)
Argillized silica-rich pyroclastic rocks cut by chalcopyrite veins (Tesbihdere sector, gallery), (d) Galena within altered agglomerate and
lapilli stones (Sarıoluk sector), (e) Ore vein located along the boundary of argillized pyroclastic rocks and altered andesites (Azıtepe
sector), (f) Silicified ore with supergene copper carbonate (Azıtepe sector) (Ccp: chalcopyrite, Py: pyrite, Gn: galena, Qtz: quartz, Cal:
calcite, Ba: barite, Lim: limonite, Kln: kaolinite, I-S: mixed-layered illite-smectite).
5.3. Crush-Leach
The method described by [35] was used to analyse portionsof the different veins for anions (F, Cl, Br, SO4) andalkali’s (Na, K). Samples of the veins were crushed toa size of 1-2 mm and extraneous grains removed prior tothe samples being cleaned by boiling in 18.2 MΩ waterseveral times to clean any contamination from the surfaceand then dried. The samples were dry crushed to a finepowder in an agate pestle and mortar, then transferred toa Sterlin container and leached with approximately 6 ml of18.2 MΩ water. The liquid was filtered through a 0.2 µm
nylon syringe filter and an aliquot analysed for anionswith a Dionex DX 500 ion chromatograph. Na and K weredetermined by flame emission spectroscopy. The detectionlimit for anions in the leachate solutions was ∼10 ppb forCl and SO4, ∼1 ppb for Br and 5 ppb for F. Na and K haddetection limits of approximately 25 ppb. Molar ratios ofCl/Br are quoted with an error of less than 5% based onreplicate analyses of a standard seawater sample (Oceanscientific GPS-1 Atlantic seawater) at a Br concentrationin the standard solution of 50 ppb.
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Figure 5. Photomicrographs of transmitted (a-d) and reflected-plain polarized light (e-g) images of the representative ore samples from Tesbihdere
deposit. (a-b) Quartz and ore mineral associations as filling material within the cracks of glassy ash tuff in Azıtepe sector (left is
crossed nicols, right is open nicol), (c-d) Euhedral quartz crystals (quartz (II) were developed after calcite from ore-bearing iron-oxidized
pyroclastic rock sample in Basmakci sector (left is crossed nicols, right is open nicol), (e) supergene alteration that caused an intense
replacement of galena by digenite, (f) Euhedral pyrites are surrounded by chalcopyrite (g) cataclastic pyrites are filled by chalcopyrite,
(h) Goethite is replaced with altered chalcopyrite (qtz: quartz, cal: calcite, brt: barite, Gn: galena, Ccp: chalcopyrite, Py: pyrite, Cv:
covellite, Dg: Digenite, Gt: goethite).
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Table 1. Paragenetic sequence of the ore and gangue minerals from
the Tesbihdere deposit.
Mineral Hydrothermal SupergeneStage 1 Stage 2 Stage 3Barite ——-Pyrite ——- ——-Galena ——- ——-Sphalerite ——- ——-Chalcopyrite ——- ——-Tetrahedrite-Tennantite ——-Quartz ——- ——- ——-Calcite ——-Digenite ——-Covellite ——-Chalcocite ——-Cerussite ——-
5.4. Sulphur isotopes
Sulphur isotope studies were carried out on thegalena and chalcopyrite separates hand-picked fromthe ore samples of the Tesbihdere and Azitepe sectors(Table 4). The sulphur isotope analyses were performedat the Stable Isotope Laboratories of Georgia University(Athens, USA). Sulphide samples were prepared foranalysis following the method of [36] with the followingmodifications. The silica glass tube and reaction mixtureare heated up to 950◦C and kept at this temperature for15 minutes. The evolved SO2 is continuously condensedinto a U-shaped trap immersed in liquid nitrogen. Theevolution of SO2 from sulphate minerals starts at around600◦C and reaches a maximum near 750◦C as foundfor BaSO4 by [36]. In contrast, sulphide minerals startto produce SO2 at 750◦C with maximum evolution near950◦C. Sulphide minerals containing two sulphur atomsin their chemical formula such as pyrite and chalcopyritedisplay two maxima in SO2 evolution during the reaction.One occurs when the temperature reaches 950◦C and theother 5 to 10 minutes later. After the reaction, the SO2gas is purified to remove CO2 and H2O using vacuumdistillation at the temperature of n-pentane and alcoholslush. Despite their differences, the reaction temperaturesfor sulphate and sulphides are sufficiently high that theoxygen isotope composition of the evolved SO2 should beuniform.
6. Results
6.1. Microthermometry
Examples of the petrography of the fluid inclusionsare shown in Figure 6(a)(f). Inclusions are primarilyL-V, but with variable L/V ratios usually dominatedby L¿V but in some instances V-rich inclusions areobserved and very rarely L-V-solids (halite?) inclusions.The inclusions are typically 20-30 µm in size withmany ∼10µm or less. Isolated inclusions are typicallylarger than inclusions that are part of growth zones orpseudosecondary planes. Most inclusions appear eitherprimary (P) or pseudosecondary (PS) and some clearsecondary (S) trails are present. However, for the majorityof inclusions there is no gross difference in the range ofL/V ratios of the different inclusion types. Fluid inclusionarrays (FIA’s) normally have inclusions with consistent L/Vratios, but different FIA’s can have to different L/V ratio.There are also a number of FIA’s where the L/V ratio ismarkedly different and rare examples have been observed(Figure 6(e),(f )) where an FIA appears to contain a boilingassemblage with L-V, V-rich and L-V halite?A summary of the microthermometry results of quartzhosted fluid inclusions from Tesbihdere, Basmakci andAzitepe are presented in Table 2. The inclusions measuredwere predominantly primary, but where secondary orpseudosecondary inclusions were measured the resultsare not discernibly different. Eutectic melting wasdifficult to observe, however the most reliable resultsare -58/-55◦C indicative of CaCl2 in addition to NaClin the fluid, but the inclusions did not go brown onfreezing. Hydrohalite dissolution was not observed, soan estimate of the CaCl2 content was not obtained frommicrothermometry. The final ice melting temperaturesfor Tesbihdere and Azitepe are quite variable rangingfrom -7.4 to -0.3◦C with those from Basmakci confinedto between -3.2 to -2.0◦C. This corresponds to a range insalinities from 11 to 0.5 wt.% NaCl equiv. based on [34].The homogenization temperatures from the differentlocations (Figure 7) all have a large, and similar, rangefor either the P or PS inclusions that cannot be accountedfor by normal uncertainties during measurement. AtTesbihdere the Th values are between 152 and 365◦C,Basmakci between 178 and 272◦C and Azitepe between244 and 335◦C. The only notable difference betweenthe three locations is that samples from Basmakci havedistinctly lower homogenization temperatures.In Figure 8, pairs of homogenisation and final ice meltingtemperatures are plotted. The majority of the data fromTesbihdere and Azitepe show a general linear trend atrelatively constant temperature from saline fluids to almostpure H2O fluids. The data effectively defines a dilution
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Figure 6. Representative fluid inclusions from Tesbihdere and Azıtepe. Low Th L/V inclusions (Sample no: ATM-47, Azıtepe sector), (b) HigherTh inclusions with accidentally trapped solids (Sample no: ATM-47, Azıtepe sector), (c) Variable LV ratios within the same FIA (Sample
no: TDG-24, Tesbihdere sector), (d) P or PS inclusion trails with constant L/V ratios (Sample no: ATM-47, Azıtepe sector), (e) Variable
L/V ratios in plane of inclusions (Sample no: TDG-24, Tesbihdere sector), (f) Boiling assemblage with L-V, V-L, V-rich and L-V-halite
inclusions (Sample no: TDG-24, Tesbihdere sector).
trend for fluids from these two locations. Samples fromBasmakci are more tightly constrained at lower salinitiesand their homogenization temperatures are lower thanthose of the other locations, so appear to form a discretegroup although there is a some overlap of homogenizationtemperatures. There is no suggestion that these fluidsrepresent an intermediate salinity third fluid, merely thatthe two fluids were perhaps better mixed and trapped ata lower temperature due to these veins being emplacedat a lower depth. Significantly more homogenizationtemperatures were measured and these are shown in thebox and whisker plot (Figure 7) for the three locations.
The shaded box is the range for the 25th and 75thpercentile and the median value, the other horizontal linesare the range for the 5th and 95th percentile. Valuesoutside this range are shown as individual data points.There is no significant difference between the primaryand secondary inclusions from the three deposits, but therange of Th values is smaller at Basmakci than Tesbihdereand Azitepe which also have a much higher median Thvalues as was previously mentioned. The majority ofvalues from Tesbihdere and Azitepe are identical, the mostobvious, but not significant, difference is the greater rangeof outlier Th values at Tesbihdere.
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Figure 7. Box and whisker plot of the homogenization temperatures
for P and S inclusions and calculated temperatures from
LA-ICPMS Na/K ratios of individual inclusions. The boxes
define the median value and the 25th and 75th percentiles,
whiskers the 5th and 95th percentiles and individual data
points that are outwith this range. There is no difference
between P and S inclusions or between inclusions from
Tesbihdere and Azitepe, inclusions from Basmakci are
cooler. The calculated temperatures are significantly
higher than the microthermometry Th values.
Table 2. Summary of the fluid inclusion microthermometry for quartz-
hosted inclusions from Tesbihdere, Basmakci and Azitepe.
Sample Type Te◦C Tm ice ◦C Th ◦CMin. Max. Average Min. Max. AverageTesbihdere sectorTDG-24A P -58/-55 -6.2 -1 -4.2 238 331 284S - - - 265 297 283TDG-24B P -0.9 -0.4 -0.5 257 365 295S - - - 275 321 296TDG-28 P -6.6 -3.8 -5.1 257 302 284S - - -3.1 252 284 266TDG-25 P -3.2 -2.9 -3.0 152 332 267S -7.0 221 330 275TDG-36 P -56 -201 -0.3 -1.1 183 316 236S - - - 174 333 265Basmakci sectorBSM-52 P -3.2 -2.0 -2.8 182 263 231BSM-54B P -3.1 -2.2 -2.6 192 272 235S - - - 178 202 193Azitepe sectorATM-47 P -58 -7.4 -1.4 -4.3 247 364 294PS - - -7.8 244 286 272S -3.6 269 335 295
Figure 8. Homogenization and ice melting temperatures of primary
and secondary inclusions from the 3 locations. The
data define a dilution trend at approximately constant
temperature and show there is no difference between P or
S inclusions. Salinities from Basmakci are less variable
and may appear to be cooler, but are not statistically
different from the other samples.
6.2. Crush-Leach Analyses
Quartz samples from the 3 locations were analysed, butthe quantity of salts released was extremely low, ∼5 ppmTDS maximum, and only 3 samples from Tesbihdereprovided results that are reliable. There is a big rangein Cl/Br(m) ratios from ∼2800 to 15000 and Na/Br(m)ratios from 2600 to 10000. SO4 was greater thanthe Cl concentration, but the presence of micron sizedsulphide grains will have contaminated the analyses andso this data is unreliable. Na/Cl(m) ratios were ∼0.7–0.8 indicating the dominance of Cl as the major, but notexclusive anion in the fluids.
6.3. LA-ICP-MS
A summary of the results of the analyses of individualinclusions, or groups of very small inclusions, arepresented in Table 3. as the means and standarddeviations of the wt/wt ratios relative to Na (internalstandard element) for all the inclusions analysed in aparticular sample. In general a minimum of ∼15 inclusionsor groups were ablated from each sample to ensurea representative analyses was obtained. The wt/wtratios for individual inclusions are shown in Figure 9and Figure 10. paired with other similar elements,alkali and alkaline earths and transition metals. Therewould appear to be similarities between samples from
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Tesbihdere, Azitepe and Basmakci and the mean valuesfor a number of the key element/Na ratios were testedto determine if these were statistically similar. For thisanalysis both samples from Tesbihdere were combined asthey come from the same mine gallery, but inclusionswhere we believe some accidentally trapped solids wereablated were removed from these tests (those sampleswhere the K/Na ratio was greater than 1).We applied a standard T-test (assuming unequalvariances) to determine if, with a 95% degree of certainty,the mean values for the selected element/Na ratios fromthe 3 localities were the same. The results show thatthe ratios of Mg/Na, K/Na, Mn/Na and Fe/Na from all3 localities were the same and between Azitepe andBasmakci all the ratios were the same with a 95% certaintyand in some cases 99% certainty. In some instances thiscriteria was not met; between Tesbihdere and Azitepethe Cu/Na and Pb/Na ratios were significantly different,between Tesbihdere and Basmakci the Ca/Na, Zn/Na andPb/Na were significantly different. However, it is clearthat there are enough similarities between the fluids fromthe three deposits to be confident that they represent thesame mineralising fluid.In Figure 9, the bivariate plot of wt/wt ratios show agroup of analyses that have significantly higher K/Naratios, and possibly Ca/Na, that are due to the ablationof inclusions with accidently trapped solids. These solidswere only observed in inclusions from Tesbihdere. Thebivariate plots show no significant trends, except perhapsfor Ca/Na vs K/Na, other analyses from the three depositsall show a significant amount of overlap. The analyses ofthese mineralising fluids are Na>K>Ca>Mg dominatedwith significant amounts of K and Ca. Figure 10, showsbivariate plots of the transition metal ratios that alsoindicate a large degree of overlap in the element ratios.The most significant observation is the difference betweensamples 24 and 28 from Tesbihdere (both of which comefrom the same mine gallery) in terms of Zn and Pb. Sample24 has distinctly higher Zn and lower Pb compared withsample 28 which is a closer match to the samples fromAzitepe and Basmakci.The actual elemental concentrations in the inclusions areshown in Table 3, using the most saline inclusions, asrepresentative of the salinity of the mineralizing fluids, asthe basis for this calculation. It was shown in Figure 8,that the salinity of the inclusions varies widely due tomixing of a high and low salinity fluid, but we believe thelow salinity fluid is meteoric water that merely dilutes themineralizing fluid but does not alter the element ratios.This is confirmed by the absence of any trends in thebivariate element plots whose spread in values is dueto analytical uncertainties or excessively large ranges
in individual element/Na ratios. Therefore, knowing theactual salinity of all the inclusions that were ablated isnot an obstacle to re-constructing the concentration ofthe cations in the fluid inclusions. The compositions ofinclusions from Tesbihdere and Azitepe were calculatedbased on a salinity of 10wt.% NaCl equiv. and those fromBasmakci based on a salinity of 6wt.% NaCl equiv. Basedon the similarity between the inclusions from all threelocations it is likely that the salinity at Basmakci wasoriginally as high as the others but the vein quartz trappeda more discrete, diluted, inclusion population. Na is thedominant cation, ∼15,000–20,000 ppm, with the combinedconcentration of Mg, K and Ca broadly equivalent to thatof Na. The concentration of Fe is low, ∼200–300 ppm andonly slightly higher than Mn. Of particular interest arethe main ore metals in the deposits, Cu, Zn and Pb, allof which have significant concentrations in the inclusionfluids. The Cu concentration is highest at ∼500 ppmfollowed by Zn at ∼300–500 ppm and Pb at ∼100–200 ppm. Despite the salinity at Basmakci being less thanthe other deposits, the Pb concentration at ∼500 ppm isabout twice that of the other deposits. The other elementsare either close to or below the detection limit.
6.4. S-Isotopes
The δ34S values of chalcopyrite in the Tesbihdere depositrange from -5.4 to -2.4h, in the Azitepe deposit from -5.6to -6.9h with galena from -9.0 to -9.8h (Table 4), andare more negative than the δ34S values of sulphides fromthe majority of the magmatic hydrothermal deposits (-3 to+1h; [37]). They are also lower than those of mantle(0±3h), igneous rocks (+1hto +3h) sulphur [38],crustal sulphur (mean +7h; [39]) and sulphur derived fromseawater (+20h; [40]). Negative δ34S sulphide valuesfor low-sulphidation epithermal veins may have been be aconsequence of interacting with an external, isotopicallylight S-source, such as biogenic sulphide minerals,however, no sedimentary sulphides were observed in anyexposed sedimentary rocks in the area.
7. Discussion
7.1. P-T conditions of mineralization
The petrography of the fluid inclusions, their Th andsalinity in the samples from the different locationsindicates a consistency between different fluid events.There are also different periods of quartz growth at thedifferent locations and where we have measured inclusionsfrom these, the data are the same.Inclusions within the same FIA or spatially close to
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Figure 9. Bivariate plots of the wt./wt. ratios for alkali and alkaline earth elements determined by LA-ICPMS from individual fluid inclusions. In all
the diagrams there are a distinct group of high K/Na ratios that are probably due to ablation of trapped solids. The data from different
deposits are not statistically different except that one sample from Tesbihdere (24) has a lower Ba/Na ratio. There is also a positive
correlation between Ca/Na and K/Na that includes the distinctly high K/Na values and may be due to trapping of variable amounts of
solids. The lowest K/Na values would give temperatures consistent with those from microthermometry.
each other (Figure 6(a)–(f)) would have been trappedat more or less the same time, but they have differentL/V ratios and different Th values. There has clearlybeen dilution through mixing of a moderately saline fluidwith presumably very low salinity meteoric water and thisoccurred at almost constant temperature. δD and δ18Oof fluid inclusions and quartz [6] supports mixing of localmeteoric water and magmatic fluids. Boiling in a gas-poor system is an alternative explanation but we haveinsufficient evidence to support this.In general the fluid inclusions do not show the classicevidence of boiling, although there are rare examplesof a boiling assemblage and variable L/V ratios or V-rich inclusions within the same assemblage (Figure 6(c),(f )). However, it appears that the confining pressuremust always have been sufficient to prevent boiling.Considering inclusions from Tesbihdere and Azitepe,which have very similar average and ±2σ Th as shown
in Figure 11, the highest temperature inclusions wouldrequire to have been trapped at greater than 2000 mto prevent boiling, whereas the lower temperature fluidwould only require 400 m in a hydrostatic pressureregime. Similarly for the inclusions from Basmakci thehighest temperatures require some 700 m and the lowertemperature inclusions some 100 m of hydrostatic pressureto prevent boiling. Trapping at such variable depths,in a hydrostatic regime, would imply the hotter fluidswere trapped first and then the cooler fluids trappedas erosion reduced the depth of burial. This does notfit with the observed petrography or the reconstructedstratigraphic depth. The veins sampled at Tesbihdereare currently approximately 100 m from the surface andAzitepe are surface samples, so at least 2000 m wouldneed to have been lost from the top of the deposit byerosion. At Basmakci these are again surface samples andwould require a loss of 700 m through erosion, but this
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Figure 10. Bivariate plots of the wt./wt. metal ratios for individual fluid inclusions determined by LA-ICPMS. The statistical significant comparisons
between the different localities are discussed in the text. In general there is no significant difference, except that Tesbihdere-24 has
significantly higher Zn and lower Pb than other locations. There is a reasonable positive correlation between increasing Cu and Fe
and Zn.
might be more attainable. Alternatively hotter fluids mayhave ascended from depth and undergone rapid conductivecooling at shallower levels, but this is unlikely.
Therefore, the most likely explanation for the largevariation in Th values is a change in the confining pressurefrom lithostatic, or close to lithostatic, to a hydostatic
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Table 3. LA-ICP-MS analyses of individual fluid inclusions: Average elemental ratios (wt/wt relative to Na) and concentrations in ppm.
Sample Salinity Na Mg K Ca Mn Fe Cu Zn As Rb Sr Ag Ba PbTesbihdere sector
TDG-24A Average 1 0.0816 0.8343 0.4022 ¡0.005 0.0163 0.0326 0.0348 ¡0.0078 ¡0.0042 0.0025 ¡0.0004 0.0039 0.004410 Std Dev 0.047 0.440 0.183 0.002 0.011 0.015 0.014 0.005 0.002 0.001 0.0003 0.003 0.002ppm 16195 1322 13511 6514 ¡81 259 528 564 ¡126 ¡68 40 ¡6 63 71
TDG-28 Average 1 0.0827 0.4126 0.2625 0.007 0.0167 0.0273 0.0157 0.0062 ¡0.0039 0.0022 0.0002 0.0179 0.009210 Std Dev 0.056 0.199 0.108 0.005 0.011 0.019 0.009 0.004 0.003 0.001 0.0001 0.011 0.007ppm 21109 1746 8710 5541 148 353 576 331 131 ¡82 46 4 378 194Azitepe sector
ATM-47 Average 1 0.1174 0.6290 0.2529 0.0125 0.0146 0.0254 0.0148 ¡0.0127 ¡0.0149 0.0024 ¡0.0006 0.0135 0.014310 Std Dev 0.066 0.243 0.100 0.007 0.010 0.011 0.009 0.005 0.007 0.001 0.0003 0.006 0.007ppm 18517 2174 11647 4863 231 270 470 274 ¡235 ¡276 44 ¡11 250 265Basmakci sector
BSM-54B Average 1 0.1444 0.5837 0.1895 0.007 0.0109 0.0157 0.0100 ¡0.0148 ¡0.0089 0.0022 ¡0.0025 0.0121 0.03196 Std Dev 0.085 0.288 0.123 0.004 0.006 0.008 0.006 0.013 0.004 0.001 0.002 0.0006 0.021ppm 15308 2204 8940 2893 107 167 240 156 ¡230 ¡138 31 ¡58 184 488
Table 4. Sulfur isotope composition, geothermometric temperature (◦C) and δ34S values of H2S in equilibrium with chalcopyrite and galena from
the Tesbihdere deposit.
Sample No Location δ34S δ34S Sulphur isotope Fluid inclusion δ34S values of H2S(Sector) values of values of geothermometric microthermometric Chalcopyrite Galenachalcopyrite galena temperature (◦C) temperature (◦C)TD-24 Tesbihdere -3.6 - - 290 -3.8 -TD-25 Tesbihdere -3.6 - - 273** -3.8 -TD-30 Tesbihdere -5.4 - - 273** -5.6 -TD-35 Tesbihdere -2.4 - - 265 -2.4 -TD-38 Azitepe -5.6 -9.0 177* 294*** -5.8 -7.0TD-49 Azitepe -6.9 -9.6 232* 294*** -7.1 -7.6TD-50 Azitepe - -9.8 - 294*** - -7.8TD-110 Azitepe - -9.3 - 294*** - -7.3(*) Calculated using the related equation suggested by [57](**) Temperature values represent average for analyzed samples from Tesbihdere sector(***) Temperature values represent average for analyzed samples from Azıtepe sector
regime as the vein and fracture systems opened. Thepressure change would result in adiabatic expansion ofthe fluid and loss of temperature. In Figure 11, the mean±2σ in the Th values for each deposit are shown. Thisrange was chosen to exclude potentially erroneously highand low values and to give a more realistic Th rangefor the different deposits. Tesbihdere and Azitepe areevaluated together as the Th range is almost identical.Plotting the upper and lower values for Th on the L-V
curve and determining the confining pressure instead ofdepth required to prevent boiling, the high Th inclusionswould require a minimum of ∼130 bars and the lower Thinclusions a minimum of ∼38 bars. Assuming the highpressure is lithostatic this equates to a minimum depth ofburial of ∼500 m. Altering the pressure to hydrostatic atthe same depth gives a minimum pressure of ∼40 barswhich is identical to the pressure required to preventboiling of the low Th fluid inclusions (Figure 11, inset).
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Figure 11. Pressure-Temperature-Depth plot (drawn from data
in [56]). The mean and 95% confidence range
of homogenization temperatures are shown for each
deposit and plotted on to the boiling curve for the
appropriate salinity to illustrate the minimum depth
required to prevent boiling. We infer the fluids with high
Th values are close to lithostatic pressure and lowest
Th values close to hydrostatic pressure. The pressures
required to prevent boiling are determined and shown vs
the depth against the lithostatic and hydrostatic pressure
gradients (inset). These match exactly for emplacement
depths of ∼500 m (Tesbihdere and Azitepe) and ∼200–
300 m for Basmakci.
The same procedure can be applied to the inclusions fromBasmakci and again the pressure difference going for alithostatic confining pressure to hydrostatic matches theminimum required along the L-V boiling curve, althoughat a shallower depth of ∼200–300 m.However, it is unclear how the decrease in pressureis achieved during vein opening. If the vein opens atlithostatic pressure along the L-V boiling curve then theresultant pressure drop to a hydrostatic pressure movesthe fluids from the L-V curve into the V-field and the fluidboils until the temperature decreases and the L-V curve isagain reached. The vast majority of inclusions do not showevidence of boiling which is only rarely observed. It ispossible that as these are near surface veins the evidenceof boiling is lost during vein opening. Alternatively wemay have a scenario where the vein opening and pressuredecrease is gradual and the fluids cool along or close tothe L-V boiling curve and therefore there would be verylittle boiling in any case. In Figure 11, the pressuredifferential between lithostatic and hydrostatic shouldpush fluids from all three locations into the V-field andboiling should exist, but is largely absent from all threedeposits.The deposits of Tesbihdere, Azitepe and Basmakci havecharacteristics in common with many other epithermaldeposits in western Turkey, such as Kartaldag andMadendag [16], Bergama [41], Koru [6, 7] and acompilation of deposits by [42]. Of direct relevance tothis study is the work of [15] on the Sahlinli (theirregional name which includes the mineralization atAzitepe, Basmakci and Ulu Dere) and Tesbihdere depositswith which we can compare our data. Their fluid inclusionstudy reports results for Th, salinity with the range ofvalues that are essentially identical to this study. Theydid not find any evidence of boiling but clearly there was adistinct variation in the L/V ratio of the inclusions reflectedby a variation in Th between 220 and 320◦C. Individualsamples have a more restricted Th range when the numberof measurements is small, but is much larger as the numberof measurements made in each sample increases. Salinityvaries between 9 and 0.5 wt.% NaCl equiv. with a largerange in individual samples. Their interpretation is of twofluid pulses, firstly cooling from 320 to 260◦C followedby a 260 to 220◦C fluid that was responsible for theintroduction of base-metals Au and Ag. The salinityrange of both fluids is essentially the same, ∼9 to 0.5wt.% NaCl equiv. Their bimodal temperature distributiondoes not exist and is largely a function of low numbers ofmeasurements and although they suggest a cooling anddilution evolution of the magmatic fluid this is also notentirely supported by the data. Statistical analysis ofthe data from the different samples or between inclusions
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hosted in quartz or sphalerite shows they are from thesame population and there is no significant difference.They infer a depth of emplacement of 800 to 1100 mbased on reconstruction of the volcanic overburden andthis would provide enough pressure to prevent the fluidsboiling when the veins open and the pressure regimechanges to hydrostatic. However the pressure differentialbetween lithostatic and hydrostatic does not allow thefluids to cool by adiabatic expansion over the range theyhave measured, the minimum temperature possible wouldbe ∼270◦C, but temperatures as low as 220◦C have beenmeasured. Cooling and dilution to the lower temperatureand salinities during their 2nd fluid pulse would bedifficult/unlikely because this would mean forcing meteoricwater against a supra-hydrostatic pressure. If the datawere interpreted as we have done then the high andlow temperature range is easily achieved by going fromlithostatic to hydrostatic pressure at depth similar tothose we calculate for Tesbihdere, Azitepe and Basmakci,approximately 500 m and 200–300 m respectively.
7.2. Fluid composition
The small number of low eutectic melting temperaturesindicates the fluid inclusions contained a significantamount of cations, most likely Ca, in addition to NaClin the fluid. This data agrees with the fluid inclusionsresults from the nearby deposit of Koru [6] that [15] claimedwere in error, because they did not observe low eutecticvalues, instead measuring higher eutectic temperaturesof ∼ −28◦C (not the −24◦C to −19◦C they report)that they suggest is indicative of a dominantly H2O-NaCl fluid. Observation of eutectic melting is difficult toobserve in low salinity inclusions, but in their photographof eutectic melting at −24◦C there is clearly significantmelting prior to this temperature which in the H2O-NaClsystem indicates the presence of significant amounts ofother cations (at least KCl) in addition to NaCl in thefluids. This is confirmed by our LA-ICPMS analyses ofthe inclusions (Table 3, Figure 9) where K/Na wt/wt ratiosvary between ∼0.4 to 0.8 and Ca/Na wt/wt ratios varybetween ∼0.2 to 0.4 which is sufficient to be observed aseutectic melting temperatures of ∼ −56◦C.Excluding the K/Na wt/wt ratios of over 1, which webelieve is due to ablation of trapped solids, there isa considerable range of values from ∼0.2 to 0.9 withthe majority around 0.4 to 0.8. Applying a mineral-fluid geothermometer [43] the calculated temperatures aresignificantly higher than the fluid inclusion Th valuesas seen in Figure 7. Only the lowest K/Na ratiosyield temperatures that are similar to the highest fluidinclusion Th values. The elevated K concentrations could
be due to less obvious solids being trapped and theredoes appear to be a correlation with Ca in the fluids.However, high K concentrations are possible in acid-sulphate fluids which are present at shallow levels inepithermal systems. The shallow depths indicated by ourP-T calculations would support this. We do not believethe high temperatures from the Na/K geothermometerrepresent fluid-rock equilibration at these temperaturesas this would require these to have been generated atseveral kilometres depth and then ascend to shallow levelswithout boiling or re-equilibration along the flow path.The ore metal concentrations of the fluids areconsistent with crustal fluids at these temperatures andsalinities [44]. The Cu concentration is between ∼250and 550 ppm, Zn between ∼150 and 550 ppm and Pbbetween ∼70 and 500 ppm. However, in comparisonto other magmatically derived fluids the metal contentsin these fluids are significantly lower [45, 46]. This isdue to the lower salinity, lower temperature and hencethe reduced ability of the metals to be transported aschloride complexes. The statistical analysis (based onthe element/Na ratios) showed there to be significantdifferences (at a 95% confidence level) between Tesbihdereand Azitepe for Cu and Pb and between Tesbihdereand Basmakci for Zn and Pb. Otherwise there were nostatistical differences between the other metals at thedifferent deposits. There is also a clear difference inthe Zn concentrations for the two Tesbihdere samples,from the same gallery. Deposition of the ore metals fromchloride complexes would be by cooling of the fluids dueto adiabatic expansion on opening of the veins and ordilution of the chloride complexs by meteoric water. Thedestabilisation of Au-bisulphide complexes producing H2Swould also be important.
7.3. Source of Sulphur
The δ34S values of chalcopyrite from the Tesbihderedeposit, range from -5.4 to -2.4h and are slightly morenegative than the δ34S values of sulfides from the majorityof magmatic hydrothermal deposits (-3 to +1h; [37]). Themore negative δ34S sulfide values for low-sulphidationepithermal veins might be a consequence of the orefluid interacting with an external, isotopically negativeS source, such as biogenic sulfide minerals. However,no sedimentary sulfide minerals were observed in anyexposed country rocks in the Tesbihdere deposit. Thesemore negative δ34S values can be explained if there wasboiling of the hydrothermal fluid as we suggest at theTesbihdere deposit. It has been suggested [47] that fluidboiling will lead to a loss of H2 and the oxidation of theore fluid, and in a more oxidized ore fluid, the ratio of
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H2S/SO2−4 will decrease dramatically, leading more 34S tobe concentrated in SO2−4 , resulting in the observed morenegative δ34S values in sulphides (e.g., [48, 49]).Such negative δ34S values are not unique and thisprocess has been proposed for the sulphides at the VallesCaldera, Summitville and White Island [50–52]. It wassuggested [47] that fluid boiling will lead to a loss of H2which occurs faster than the loss of H2S from the aqueousfluid into the vapour phase [53]. Oxidation of aqueous H2Swould occur leading to preferential incorporation of 34Sinto SO2 or SO2−4 , for example, with the H2S remainingin the fluid becoming lighter as boiling progresses andthereby negative δ34S values in sulphides (e.g., [48, 49]).At White Island [52] the disproportionation of SO2 leadsto large SO4/H2S ratios and an oxidised acidic solution(acid-sulphate zone).Our data for suphide minerals from Tesbihdere andAzitepe (overall δ34S -2.4 to -9.8h) are consistent withthe data of [14] for Sahinli and Tespihdere where forchalcopyrite (δ34S -0.1 to -5.3h), pyrite (δ34S -0.5 to -4.5h), Sphalerite (δ34S -3.6 to -6.8h) and galena (δ34S-3.7 to -6.5h). However, their interpretation of sulphurfrom either igneous rock or local wallrocks would seem tobe unlikely and rule out the derivation of sulphur from themagma driving the mineralization. Our conclusions arethat sulphur was indeed derived from the magmatic fluidand that boiling with changes in the redox state of the fluidwas responsible for the distinctly negative δ34S values.This process is observed in other deposits worldwide andfits with our fluid inclusion data and the high K contentof the fluids which are frequently found in acid-sulphateenvironments.Other deposits in the Biga Peninsula (Figure 12) alsohave distinctly negative δ34S values; sphalerite andgalena from the Koru deposit (δ34S -0.1 to -5.2h;[29]) and galena, sphalerite and chalcopyrite from theArapucandere deposit (δ34S -0.9 to -5.9h; [13]). Wesuggest that these may also be indicative of boilingand more oxidising conditions in the ore fluids over thisgeneral area when other evidence such as fluid inclusionsor mineral assemblages may have been lost. However,we do not currently have enough evidence to suggestthe samples we have investigated are the major zones ofboiling but further studies could indicate a causative linkbetween zones of negative δ34S and high gold grades.
8. Conclusions
The use of fluid inclusions can be an effective meansof understanding the fluids in epithermal deposits andhow they relate to their parental magmatic systems.
Figure 12. Sulfur isotope distributions for galena, chalcopyrite and
sphalerite in Tesbihdere deposit. Isotopic distributions
of different deposits and rock units were also added for
comparison. Rock unit composition bars were taken
from [37].
The Biga Peninsula and western Turkey in generalcontain many epithermal deposits whose characteristicsare similar to the mineralization at Tesbihdere, Azitepeand Basmacki studied here. Many of these deposits havehad fluid inclusion research that show a similarity in thesalinity and temperature of the mineralization. Theseare what might be expected from the general model andvertical structure for this type of mineralization and otherdeposits worldwide. Stable isotopes of the inclusions andhost quartz (δD, δ18O) not unexpectedly show differentdegrees of mixing between meteoric and magmatic water.However, there is a general lack of clarity of the fluidprocesses during mineralization and no information on thecomposition and especially the metal concentration of thefluids.This study has concentrated on those parameters, fluidprocesses and fluid composition to better understand thehow the metals were transported and ores deposited.The compilation of [44] showed that the composition ofcrustal fluids are strongly rock buffered and the onlyreal independent variables affecting metal concentrationsare temperature and chlorinity (salinity). Metalsare transported as chloride complexes and increasingtemperature and/or salinity enhances metal solubility.Decreasing either/both of these substantially reduces thefluids ability to maintain metal in solution and depositionoccurs. In the veins studied we see a reduction insalinity from ∼10 to 1 wt.% NaCl equiv and temperaturedecreases of around 150◦C in inclusions over 10’s of
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micron distances. The veins are acting as regions ofheterogeneous fluid mixing between magmatic derived,higher salinity, fluid and meteoric water. This occurs overa very limited temperature range and there is no evidenceof cooling caused by dilution as [15] propose. We suggestthe transition from near lithostatic to hydrostatic pressurewas gradual in the samples studied, so that boiling maynot have been a significant occurrence, but we cannot ruleout that evidence of more extensive boiling was lost in thisshallow environment. However, the change from lithostaticto hydrostatic pressure on opening of the veins is sufficientto produce the wide range of homogenization temperaturesdue to loss of heat from the fluid by adiabatic expansion.Based on our P-T calculations we can show the veinsat Tesbihdere and Azitepe were emplaced about 500 mbeneath the surface and at Basmakci about 200-300 mand not at around 1000 m as [15] suggest.For the first time the metal concentrations and thecomposition of the fluids has been revealed by LA-ICPMS.The high K concentrations are well in excess of whatwould be expected from equilibrium at the homogenizationtemperatures. This, we suggest, is due to high sulphatein the fluids as in geothermal regions acid-sulphatefluids have excessive K and the apparent correlation withincreasing Ca points to the destruction of feldspars. Aswe are suggesting shallow emplacement depths, typicalof the acid-sulphate zone, for the fluids this would bea reasonable interpretation. The low Fe/Me ratios arealso indicative of a more oxidising fluid [54]. Thereare also a significant amount of open space textures atBasmakci which would be consistent with a shallow depth.The concentrations of ore metals, Cu, Zn and Pb, areat concentrations of 100’s of ppm and within the rangeshown for this salinity and temperature by [44] makingthem effective mineralizing fluids capable of depositimgsubstantial amounts of metal on cooling and dilution.Boiling is the most effective means of depositing Au fromthe fluids, but we have no clearly definitive evidence ofextensive boiling based on the fluid inclusions. We haveindications that it has occurred from one example of atypical boiling assemblage and quite variable L/V ratioswithin FIA’s. We did not detect any Au in these fluidsbut as Au and Ag are often found as electrum in thesedeposits we can use our measured Ag concentrations asa proxy for Au. The Ag concentration is below detectionin the 5-10 ppm range which is low for crustal fluids in amineralized environment (Cerro Rico, Boliva 10’s to 100’sppm, Imiter, Moroccoo 10’s ppm Ag. Banks pers comm.)and we suggest not sufficient to be a fluid that couldprecipitate electrum. It may be that what we analysedwere not the Au-Ag fluids mineralizing fluids, rather thefluids after Au and Ag had been deposited elsewhere in
the system. The distinctly negative δ34S values are a goodindicator of reduced sulphur originating by boiling. Thiswould occur due to boiling and oxidation of H2S derivedfrom the magma and would be consistent the high Kconcentrations usually found in acid-sulphate near surfaceenvironments and by the fluid inclusion evidence. Similarnegative δ34S values from other locations may indicatethat this is a widespread process and could be a usefulindicator of boiling zones when conventional mineralogicalor fluid inclusion evidence is not present. Textures in theveins, saccharoidal, massive comb to crustiform, colloformand bladed calcite including bladed quartz replacementare suggestive of boiling.Our interpretation is that mineralization occurred atshallow depth from fluids that cooled by adiabaticexpansion as the veins opened and by dilution withmeteoric water. Au was most likely deposited due toboiling of the fluids at relatively shallow depths. Thepresent day geographical heights of the deposits wouldsuggest, that at most, only a few hundred metres has beeneroded from the deposits.
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